Abstract The proximal long arm of chromosome 15 has segmental duplications located at breakpoints BP1-BP5 that mediate the generation of NAHR-related microdeletions and microduplications. The classical Prader-Willi/ Angelman syndrome deletion is flanked by either of the proximal BP1 or BP2 breakpoints and the distal BP3 breakpoint. The larger Type I deletions are flanked by BP1 and BP3 in both Prader-Willi and Angelman syndrome subjects. Those with this deletion are reported to have a more severe phenotype than individuals with either Type II deletions (BP2-BP3) or uniparental disomy 15. The BP1-BP2 region spans approximately 500 kb and contains four evolutionarily conserved genes that are not imprinted. Reports of mutations or disturbed expression of these genes appear to impact behavioral and neurological function in affected individuals. Recently, reports of deletions and duplications flanked by BP1 and BP2 suggest an association with speech and motor delays, behavioral problems, seizures, and autism. We present a large cohort of subjects with copy number alteration of BP1 to BP2 with common phenotypic features. These include autism, developmental delay, motor and language delays, and behavioral problems, which were present in both cytogenetic groups. Parental studies demonstrated phenotypically normal carriers in several instances, and mildly affected carriers in others, complicating phenotypic association and/or causality. Possible explanations for these results include reduced penetrance, altered gene dosage on a particular genetic background, or a susceptibility region as reported for other areas of the genome implicated in autism and behavior disturbances.
Introduction
The proximal long arm of chromosome 15 contains a cluster of low copy repeats (LCRs) (Fig. 1 ), located at breakpoints BP1-BP5. These mediate various deletions and duplications via non-allelic homologous recombination (Locke et al. 2004; Makoff and Flomen 2007; Pujana et al. 2002) . Deletion of the proximal q arm of chromosome 15 is best known for causing either Prader-Willi or Angelman syndromes (PWS/AS), depending on the parent of origin. The classic PWS/AS deletion is flanked by either of the proximal BP1 or BP2 and the more distal BP3 (Fig. 1) . Individuals with Prader-Willi syndrome with Type I deletions (BP1-BP3) have been reported with a more severe phenotype than individuals with either Type II deletions (BP2-BP3) or uniparental disomy 15 (Butler et al. 2004; Hartley et al. 2005) . However, other studies comparing the deletion types of PWS have not found the same results (Milner et al. 2005) . However, two reports of Type I deletions in individuals with Angelman syndrome have shown more severe phenotypes compared with those having Type II deletions (Sahoo et al. 2007; Varela et al. 2004) . The BP1-BP2 region spans approximately 500 kb and contains four evolutionarily conserved genes (NIPA1, NIPA2, CYFIP1, and TUBGCP5) that are not imprinted (Chai et al. 2003) .
Three of these genes are implicated in central nervous system development and/or function. For example, NIPA1 is associated with spastic paraplegia (Goytain et al. 2007; Rainier et al. 2003 ) and the related NIPA2 gene recently identified as a magnesium transporter is widely expressed in the central nervous system (Goytain et al. 2008) . The CYFIP1 gene codes a protein that is present in synaptosomal extracts and interacts with FMRP, the protein product of the FMR1 gene, which is responsible for fragile X syndrome. (Napoli et al. 2008 ) TUBGCP5 is a member of the cytoskeleton tubulin complex in cells. Quantitative expression data of each of the genes in the BP1-BP2 region have been analyzed in lymphoblastoid cell lines established from PWS subjects and compared with their behavioral and cognitive data. Significant correlations were noted specifically with decreased NIPA2 expression further suggesting a role for these genes in neurodevelopment and behavior (Bittel et al. 2006) . Reports of disturbed expression via copy number changes of these genes appear to impact on behavioral and neurological function in affected individuals (Bittel et al. 2006; van der Zwaag et al. 2010) , but larger studies with normal controls are needed.
Three reports have now been published of individuals with either deletion or duplication of the BP1-BP2 region (Doornbos et al. 2009; Murthy et al. 2007 ; van der Zwaag et al. 2010 ). While Murthy et al. (2007) reported a single consanguineous family with a BP1-BP2 deletion in whom a phenotype could be ascertained in all carriers, Doornbos et al. (2009) found phenotypically normal parental carriers in seven of their nine subjects with deletions, and also reported mildly dysmorphic features as part of the phenotypic spectrum. Recently, van der Zwaag et al. (2010) reported three individuals in a seven-member family with duplication of the BP1-BP2 region. The affected individuals all exhibited autistic features, and there were no phenotypically normal carriers in this family.
Herein, we report a cohort of 146 unrelated individuals referred for microarray analysis who have either deletions or duplications of the BP1-BP2 region collected from July 2008 to July 2010. The total number of subjects referred for microarray analysis during this time interval was approximately 17,000. The estimated total percentage was 0.86 for subjects having a copy number alteration of the BP1-BP2 region. Clinical information was available for 56 individuals with a deletion and 49 with duplication, and each group was compared with previously published reports. Common phenotypes noted in both the deletion and duplication subjects included developmental, motor, and speech delays, and neurological and/or behavior issues, specifically autism/ASD, ADD/ADHD, and tantrums.
Methods

Cytogenomic microarray analyses
Although different microarray platforms were used in the study of our cohort subjects, the SNP microarray analysis was used with the majority of subjects. Specifically, the Affymetrix v.6.0 platform was used by LabCorp. The gene chip contains over 900,000 SNP probes and 900,000 nonpolymorphic copy number probes with a median spacing of 0.7 kb. Briefly, 500 ng of total genomic DNA extracted from peripheral blood lymphocytes was digested with NspI and StyI and then ligated to NspI or StyI adaptors, respectively, and amplified using a GeneAmp PCR System 9700 (Applied Biosystems, Foster City, CA). PCR products were purified using AMPure beads (Agencourt Biosciences, Beverly, MA) and quantified using NanoDrop 8000 (Thermo Fisher, Wilmington, DE). Purified DNA was fragmented then biotin labeled and hybridized to the Affymetrix 6.0 GeneChip (Affymetrix, Santa Clara, CA). Data were analyzed using the Affymetrix Genotyping Console Browser v.3.01.
Array comparative genomic hybridization (array CGH) was performed at the University of Alabama at Birmingham (UAB) for 12 individuals (8 deletions, 4 duplications), using a high-resolution oligo-array, which combines targeted and genome-wide coverage. This is a customdesigned array with [44,000 oligos (probes), which is based on the 4x44k ISCA (International Standard Cytogenomic Array) Consortium design, and manufactured by Agilent Technologies (Santa Clara, CA) (Baldwin et al. 2008) . Mean backbone spacing is approximately 75 kb between probes. Genomic DNA was extracted from peripheral blood of patients and controls. DNA labeling, array hybridization, washing, and scanning were performed following the manufacturer's protocol. The arrays were scanned using the Axon 4000B scanner (Molecular Devices, Sunnyvale, CA). The scanned arrays were analyzed using the Feature Extraction (version 9.5.1.1) and DNA Analytics (version 5.0) software (Agilent Technologies) in order to determine copy number losses and gains. Both deletions and duplication were confirmed by metaphase and interphase FISH analyses using the RP11-25C1 probe.
Last, the 105K oligo HD Scan from CMDX (Irvine, CA) was used for a single deletion individual and for parental follow-up studies. FISH analysis with probes targeting the region delineated by the oligonucleotide array CGH is routinely used for confirmation.
Fluorescence in situ hybridization and chromosome analysis
Fluorescence in situ hybridization (FISH) was performed for confirmation of cytogenomic microarray analyses (CMA) results using standard protocols. BAC clone RP11-1081C20 was used by LabCorp. This probe maps to linear position 20, 302, 521, 542 Mb on UCSC Genome Browser hg18. BAC clone RP11-25C1 was used by the UAB, and maps to 20, 523, 665, 052 Mb. Both probes are within the BP1-BP2 region.
G-banded chromosome analysis was performed on cultured blood lymphocytes using standard protocols at approximately the 500-band level. Note, not all individuals had chromosome analysis performed.
Control variants from Toronto Database of Genomic Variants
Variants used from Database of Genomic Variants (DGV) included the following: deletion variants #: 49473, 29969, 53882, and 49474; duplication variants #: 49472, 34529, and 8787. Variants 49472 (2 individuals), 49473 (4 individuals), and 49474 (2 individuals) are all reported in the study by Shaikh et al. (2009) , and all were found in 2,026 Children's Hospital of Philadelphia (CHOP) control individuals. The unique individuals included in this study may be viewed at (http://cnv.chop.edu). This study also included individuals with larger deletions and duplications of the BP1-BP2 region extending more proximally or distally who were not included in the calculation. Variant 29969 (2 individuals) is a deletion using 485 Human Genome Diversity Panel (HGDP) controls (Jakobsson et al. 2008) . Variant 53882 (9 individuals) is a deletion using 1,064 HGDP controls (one individual is redundant between 53882 and 29969) and 790 National Institute of Neurological Disorders and Strokes (NINDS) controls (Itsara et al. 2009 ). Variant 34529 (5 individuals) is a duplication using 1,190 Ontario controls (Zogopoulos et al. 2007 ). Variant 8787 (1 individual) is a duplication using 506 German controls and 270 HapMap controls (Pinto et al. 2007) .
Totals for duplication controls were summed from 2,026 CHOP, 1, 190 Ontario, 776 German?HapMap (n = 3, 992) . Totals for deletion controls were summed from 2,026 CHOP, 484 HGDP, 1,063 HGDP, and 790 NINDS (n = 4,363). The total for both groups was summed from 2, 026 CHOP, 1, 190 Ontario, 776 German?HapMap, 484 HGDP, 1, 063 HGDP, 790 NINDS (n = 6, 329) . Hum Genet (2011) 130:517-528 519
Results
We performed a case-only retrospective analysis of individuals referred for cytogenomic microarray analysis to various laboratories who were found to have deletion or duplication of BP1-BP2 on proximal 15q. Among approximately 17,000 subjects referred for microarray analysis from July 2008 to July 2010, 69 subjects (0.41% of total) were deleted for the BP1-BP2 region and 77 (0.45% of total) were duplicated, representing 0.86% of the total individuals referred for microarray analysis. The DGV lists several reports of copy number variants (CNVs) in this region, both deletion and duplication, but individuals in those studies were not examined for neurological/psychiatric behavioral phenotypes and were only adults (http:// projects.tcag.ca/variation/). Most individuals in our study were under the age of 18 years, and many had neurological indications for testing. Of the deletion subjects, 44 were males and 25 were females, with ages ranging from \1 month to 17 years (mean 4.7 years, median 2.5 years).
Of the duplication subjects, 54 were males, and 23 were females, ranging in age from \1 month to 48 years of age (mean 7.9 years, median 4.8 years). Two subjects had four copies of the BP1-BP2 region: one had an isodicentric chromosome 15 with a distal breakpoint at BP2 referred for autism, and one individual had a triplication of the region on a single homologue, referred for cerebral palsy and seizures. A third subject demonstrated a monocentric marker that consisted of 15pter-[q11.2 to BP2, resulting in three copies of the region. All other duplication subjects had tandem duplication on a single homologue. Two individuals with duplication were phenotypically normal parents ascertained due to chromosomal abnormalities found in their children. In one, the affected child did not have the BP1-BP2 duplication but had a different alteration while the mildly affected parent had both alterations, and a phenotype more consistent with the copy number change found in the proband. Tables 1 and 2 outline the numbers and percentages of deletion and duplication subjects, respectively, studied, with the following features described below.
Dysmorphology
While dysmorphic features were noted in almost half of our subjects, the lack of consistent physical abnormalities suggests that this region is not likely to be causative, either by duplication or deletion. Forty-nine of the 105 subjects for whom clinical information was available were found to have dysmorphic features, and of those, 14 individuals (29%) had secondary copy number changes observed by microarray analysis which may have contributed to the dysmorphic features seen in these individuals. Of those 14 individuals, only 1 had a parent with the same chromosomal abnormalities. The most common feature in these subjects was microcephaly, reported in 10 of 49 dysmorphic individuals.
Developmental delays/autism spectrum disorders
Of 56 deletion subjects with available clinical information, 7 were too young to develop speech (\1 year of age), and were not considered in the analysis for speech delay. Developmental delays were interpreted as delays in attainment of milestones and not specifically defined as a motor or language delay (Moeschler and Shevell 2006) . Forty-four of the 49 (90%) individuals who were older than 1 year of age and had speech delays. 33 of 56 (59%) cases and 20 of 56 (36%) had developmental and motor delays, respectively. Taken together with the Murthy and Doornbos published data in 2009, developmental delay was noted for almost two-thirds of the total number of individuals with deletion. Speech delay was particularly prevalent, observed in almost every subject old enough to have developed speech at the time of testing. Of our 49 subjects with 15q duplications for whom clinical information was obtained, 5 were younger than 1 year of age. Twenty-two of 44 (50%) individuals with duplications had speech delays, while 19 of 49 (39%) and 13 of 49 (27%) cases exhibited developmental and motor delays, respectively. One individual who was younger than 1 year of age was reported to have motor delay, and this subject did not have a secondary alteration. One of the individuals in the report by van der Zwaag et al. (2010) was initially diagnosed with pervasive developmental disorder prior to a diagnosis of ASD. Taken together, 21 of 52 (40%) of the total number of individuals with duplication exhibited developmental delay.
Using the Chi-square test, no significant difference was found between deletion and duplication subjects regarding developmental delay (p = 0.08), but taken together with previously reported subjects, statistical significance was reached (p = 0.02). Namely, individuals with deletion were significantly more likely to have developmental delays than were duplication subjects. The difference between the groups with regard to speech delay was significant in both our own cohort and the group as a whole (p \ 0.0001), as speech delay was almost universal in individuals with the BP1-BP2 deletion. Regardless of the statistical significance of findings in deletion versus duplication subjects, these data must be couched with the caveat that all previous studies, as well as our own, have an ascertainment bias.
Of the deletion subjects with any type of delay, nine had secondary alterations, while three of the duplication subjects with delays had secondary alterations. Only one of the subjects inherited both alterations from the same parent for whom no clinical information was obtained. The exclusion of these subjects does not significantly alter the percentages of individuals with delays, and deletion subjects were still more likely than duplication subjects to have developmental and/or speech delay.
Recent literature suggests that very young children, as young as 13 months of age, can be diagnosed with ASD (Blackwell 2001; Chawarska et al. 2007; Shen et al. 2010) characterized by lack of social reciprocation and restricted, repetitive movements (Filipek et al. 1999) . Of the 49 deletion subjects from our total cohort who were over 1 year of age, 14 (29%) were reported to have autism or autistic features. Autism was seen in approximately 30% of deletion subjects and 40% of duplication subjects from all studies. Eighteen of 44 (41%) duplication subjects from our cohort older than 1 year of age were reported to have ASD or autistic features. The difference in those individuals diagnosed with autism/ASD was not statistically significant for either our cohort or the total group (p = 0.26, and p = 0.25, respectively). One individual who was reported to have ASD inherited the deletion from a parent with a positive self and family history of dyslexia. The question remains as to whether the BP1-BP2 copy number alteration is enriched in autistic/ASD patients compared with unaffected individuals.
Neurological/behavior problems Of 93 patients in our cohort for whom clinical information was available and who were over 1 year of age, 34 were reported with attention deficit disorder/attention deficit hyperactivity disorder (ADD/ADHD)-18 with duplication and 16 with deletion. The statistical difference between duplication subjects with ADD/ADHD and deletion subjects was not significant in our cohort (p = 0.13). Of 102 patients from all studies who were over 1 year of age, 39 were reported with ADD/ADHD-all of the additional individuals had a deletion. Statistical significance was not reached in the total population by the addition of these five individuals (p = 0.06).
Forty-five of 67 (67%) deletion subjects from all studies for whom clinical information was available exhibited some sort of behavioral and/or neurological problem, such as tantrums, obsessive compulsive disorder, an abnormal brain MRI or EEG, or sleep problems. This is compared with 32 of 52 (62%) total subjects with duplications. Note that behavioral issues and ''other neurological'' are separate categories in Tables 1 and 2 , and that some subjects may exhibit both. While a large percentage of both groups of subjects exhibited neurological/behavioral problems, no particular problem stood out. From our own cohort of 56 deletion patients with clinical information, 29 (52%) were reported to have behavioral/neurological problems, 6 of those individuals had secondary alterations, and 2 of those 6 had de novo secondary alterations. Of our 49 duplication subjects, 19 (39%) had behavioral/neurological problems, 3 of the 19 had secondary alterations, and 1 of those subjects inherited both alterations from the same parent for whom no clinical information was available. One parent with duplication was reported to have ADHD as a child, while two offspring who inherited the duplication were reported to have ASD. One parental carrier reported a family history of ADD/ADHD, but the proband was younger than 1 year of age and was referred for a congenital diaphragmatic hernia. This physical finding in the child may have been coincidental as it was not found in any other patient. Taken together, these data suggest that secondary alterations do not necessarily exacerbate a neurological phenotype. (Table 1) . These results suggest that deletion of this region may be predisposing but not sufficient to cause seizures. For example, 30 of 142 (21%) individuals with a BP1-BP2 region copy number change (including individuals reported by de Kovel et al.) had a seizure disorder. Four individuals, all from our cohort, had an additional copy number change, one of which had a diagnosis of DiGeorge/VCF syndrome and confirmed 22q11.2 deletion. Only one of the four subjects in our cohort with a secondary alteration had parental follow-up studies; while the BP1-BP2 deletion was inherited, the secondary alteration was de novo. One duplication subject with seizures inherited the duplication from a phenotypically normal parent.
Other
Other features often reported were gait or coordination problems, hypotonia, and intellectual disability. Approximately 30% of all individuals had ataxia or dyspraxia, while hypotonia and intellectual disability were seen less often: ataxia/coordination problems were reported for 15 of 49 deletions (31%) and 11 of 44 duplications (25%), and in 20 of 59 deletions (34%) and 11 of 47 (23%) duplications of subjects from all studies. Three individuals with deletion and one with duplication from our cohort had secondary alterations. One ataxic individual with a secondary copy number change inherited the BP1-BP2 deletion from a highly educated mother with unexplained psychiatric issues, but she did not have the second alteration. The other parent was not available for testing. None of the other deletion subjects with secondary alterations had parental follow-up studies. The individual with duplication was a father found by parental follow-up SNP array to have the BP1-BP2 duplication as the secondary alteration (not present in the child). His coordination issues were considered as part of a primary diagnosis of a spastic paraplegia (the other copy number alteration also found in the child). Interestingly, individuals with NIPA1 gene mutations have been reported with familial spastic paraplegia (Rainier et al. 2003) . Six of the 15 ataxic subjects with the deletion and 4 of the 11 with duplications who have had parental follow-up, none have secondary alterations and all inherited the BP1-BP2 copy number change. Of these, four parents with deletion were reported to be phenotypically normal, while no clinical information was obtained for the other parents.
Hypotonia was observed in 11 of 56 deletion subjects (20%) in our cohort and 13 of 67 deletion subjects (19%) of all patients. From our cohort of 11 individuals, 1 individual had a secondary alteration, but was adopted so parents were not available for follow-up. One individual was found to have a confirmed de novo deletion, and five others who had parental follow-up studies inherited the deletion from phenotypically normal parents. In subjects with duplications, 7 of 49 individuals in our cohort (14%) were reported to have hypotonia. Of those, two individuals had secondary alterations, and one of those inherited both from the same parent for whom no clinical information was available. One individual had confirmed de novo duplication, and one other who had parental follow-up studies inherited the duplication from a phenotypically normal parent.
Intellectual disability was reported for 29% of deletion subjects, but not for any duplication subjects in both our cohort and the van der Zwaag report. Three individuals from our cohort with intellectual disability had secondary alterations but none have had parental follow-up studies.
Secondary alterations
Because SNP arrays are able to detect both consanguinity and uniparental disomy (UPD), those individuals have been included as having a secondary alteration to account for the possibility of a recessive mutation. Of 146 total individuals in our cohort with copy number changes of BP1-BP2, 33 individuals (22.6%) had secondary alterations-16 duplication subjects and 17 deletion subjects (see Supplementary Table) . Two of those individuals demonstrated consanguinity by large ([10 Mb) contiguous regions of homozygosity on multiple chromosomes. One individual was suspected to have UPD2 by a large region (58 Mb) of homozygosity on a single chromosome. Of the remaining subjects with secondary alterations who have had parental follow-up testing (9 individuals), one parent had the same alteration at both loci. No clinical information was available regarding the phenotype of the parent in this instance. Three individuals exhibited biparental inheritance of each copy number change from phenotypically normal parents. Another subject inherited the BP1-BP2 deletion from a phenotypically normal parent while the secondary copy number change was found to be de novo. One subject inherited two copy number changes from a single parent for whom no clinical information was available, but this individual also had a large de novo deletion as a tertiary alteration. Interestingly, one individual who was found to have BP1-BP2 duplication was discovered by SNP array follow-up for a deletion ascertained in his child who did not have the 15q11.2 duplication. The clinical features of the parent were more consistent with the secondary deletion and were not reported to be as severe as those of the proband. This result suggests that in this individual, the duplication of BP1-BP2 did not contribute to the phenotype in the father such that he was ascertained instead of the child. The two consanguineous individuals have not been followed up, and there would not be a way to determine a recessive mutation in the genome by current array technologies. The individual in whom UPD2 was suspected was found to have biparental inheritance of this chromosome and may indicate distant relatedness of the parents. Such a large (58 Mb) region of homozygosity in distant relatives may harbor a recessive mutation that is not observed by array analysis.
Two individuals in the total cohort were found to have four copies of the BP1-BP2 region; one due to triplication of the region on a single homologue, and one due to an isodicentric marker. Chromosome 15 derived marker chromosomes that do not include the Prader-Willi/Angelman critical region have long been considered benign, although there have been reports of abnormal phenotypes associated with some cases (Cheng et al. 1994; Hou and Wang 1998) . In the report by Hou and Wang, several affected individuals had markers that included the microsatellite D15S11, but were not positive for more distal probes (Hou and Wang 1998) . The LCR that comprises BP2 extends from approximately 20,650,000-21,193,000 Mb, but D15S11 maps to a smaller LCR distal to BP2. It would be interesting to determine whether any SNRPN-negative isodicentric markers may be asymmetric and utilize this small repeat region in between BP2 and BP3. The one isodicentric 15 in this study was de novo and appeared by SNP array to be symmetrical with a distal breakpoint at BP2.
Parental follow-up studies
Of all 146 individuals with BP1-BP2 copy number change, 44 parental follow-up studies were performed, and only two individuals were found to have a confirmed de novo change (one deletion, one duplication), as did two individuals from the Doornbos report (Doornbos et al. 2009 ).
Hum Genet (2011) 130:517-528 523 The two individuals from our cohort had markedly different phenotypes. The subject with a deletion was an infant referred for elevated lactic acid and an overlapping fifth toe unilaterally. The subject with the duplication had global developmental delay and failure to thrive. This subject was nonverbal and not able to sit alone at 2 years of age. It seems unlikely that the BP1-BP2 copy number change in these individuals contributed significantly to their phenotypes, although this cannot be excluded. None of these four individuals had a secondary copy number alteration or structural chromosome abnormality. In addition, the parents of the individual in whom the isodicentric marker was found did not have the marker by karyotype analysis. Seven individuals were adopted and biological parents were not available. Four parents with deletions out of 11 for whom clinical and family histories were obtained were reported to have a positive family or self history of some of the features seen in the proband. One parent with duplication out of eight with clinical and family history provided reported a positive self history of ADHD in childhood.
Discussion
Regions of the genome that are found to be deleted or duplicated in an affected proband as well as unaffected parents or other carrier family members have been referred to as susceptibility loci or risk loci. As such, deletion or duplication of these regions may not be sufficient to cause a phenotype. Recent literature has hypothesized that for deletions of susceptibility regions, such as that at 16p12.1, secondary alterations may be necessary to cause a phenotype (Girirajan et al. 2010 ), whether by epistatic or additive effects. In their study, the authors demonstrated that approximately one-quarter (10/42) of individuals with deletion of 16p12.1 also had a secondary alteration. Two of those individuals inherited both alterations from the same parent, who were also affected (Girirajan et al. 2010) . Deletion and duplication of this and other regions, such as 1q21.1 and 15q13.3 are known to result in variable phenotypes, ranging from normal to affected (Antonacci et al. 2010; Mefford et al. 2008; Sharp et al. 2008; van Bon et al. 2009 ). This variability of phenotypes presents a challenge in the interpretation of the significance of these types of CNVs, as well as a challenge in the counseling of families. Of all BP1-BP2 subjects, both in our cohort, as well as the previously reported patients, approximately 20% of individuals had secondary alterations. This total includes three consanguineous cases. Of the youngest subjects in our cohort (11 individuals ascertained before 1 year of age), only two had secondary alterations. We also had a single parent in whom a secondary alteration was discovered upon follow-up testing that was not found in the ascertained proband. While individuals with secondary alterations in this study often had a more severe phenotype, simply having a secondary alteration did not necessarily correlate with exacerbation of a phenotype. It may also be possible that a particular genetic background influences irrespective of whether a phenotype is ascertained or not, or in the case of infants, whether there are congenital abnormalities due to unrelated etiologies. We have presented a large cohort of individuals with deletion or duplication of proximal 15q from BP1 to BP2 and compared those results with previously published literature. The phenotypic spectrum of both deletions and duplications appears to be primarily neurological and includes developmental and speech delays, and in many instances, other neurologic and/or behavior problems such as autism spectrum disorders or autistic features and ADD/ ADHD. A complicating issue with regard to early speech delay is the lack of knowledge that an individual might have as an adult regarding their own early development. It is plausible that speech delay may be outgrown once a person learns to speak. Possible explanations for such variable results may include reduced penetrance of the copy number change, altered gene dosage on a particular genetic background, or a susceptibility region as reported for other areas of the genome implicated in autism and behavior disturbances. Larger extended family studies showing effects in multiple family members are needed to better define the impact of altered gene dosage of the BP1-BP2 region on behavioral and neurological functions.
It is well documented that copy number variation within the human genome can influence phenotypes and predispose individuals to disease (Menten et al. 2006; Shaikh et al. 2009 ), although the mechanisms by which they may do so is currently unknown. The DGV lists several reports of CNVs in this region, both deletion and duplication. While control individuals are described as healthy, they were not examined with regard to neurological/psychiatric phenotypes. We examined the frequency of CNVs reported from studies utilizing only SNP analyses for just the 500 kb encompassing BP1-BP2 listed on DGV (see ''Methods'' for variants; http://projects.tcag.ca/variation/). Several variants excluded from consideration also included proximal material that is composed largely of repeat sequence. Based on these criteria, duplications were reported in 8/3,992 individuals (0.20%) and deletions in 16/4,363 individuals (0.37%) (Itsara et al. 2009; Jakobsson et al. 2008; Pinto et al. 2007; Shaikh et al. 2009; Zogopoulos et al. 2007) . A total of 24/6,329 (0.38%) control subjects were found with a deletion or duplication (see ''Methods'' for variants). This is slightly less than half as frequent as found in our cohort (0.86% total, 0.45% duplication, 0.41% deletion), although we acknowledge ascertainment bias in our study. In a study of CNVs associated with schizophrenia and neuropsychiatric disorders, the BP1-BP2 deletion was also shown to be enriched relative to a large control population (0.55 vs. 0.19%, respectively (Stefansson et al. 2008) . While this CNV was not significantly associated with schizophrenia, it was significantly associated with other unspecified psychiatric problems. With deletion frequencies that are similar between our present study and DGV control subjects, it is difficult to conclusively determine the overall phenotypic effects of copy number changes of this region. It is not clear why the frequency is lower in the control subjects of the Stefansson study. Therefore, it seems possible, and even likely, that in affected individuals there may exist a neuronal/neurological pathway defect in addition to the altered copy number of the genes in this region that has yet to be elucidated. Supporting this idea, we found that simply having a secondary alteration was not sufficient to elicit a phenotype. We hypothesize that an associated phenotype may depend on the context of additional alterations and whether they may be in a related physiological pathway. The influence of copy number variation, whether alone or combined with other genetic interactions, upon neurodevelopmental and neuropsychiatric phenotypes has been documented for several genomic regions and several disorders including epilepsy, schizophrenia, and autism (El-Hattab et al. 2010; Girirajan and Eichler 2010; Heinzen et al. 2010; Pinto et al. 2010; Stefansson et al. 2008; Walsh et al. 2008; Xu et al. 2009 ). Multiple copies of proximal 15q, and in particular, maternally derived SNRPN-positive isodicentric markers, have been associated with susceptibility to autism in several studies (Nurmi et al. 2003a, b; Philippe et al. 1999 ). We observed a single subject with a SNRPN-negative isodicentric marker who was autistic and a single subject with a triplication on a single homologue with cerebral palsy and seizures. If one considers having four copies of the BP1-BP2 region a secondary alteration over simply having three copies due to duplication, one might expect a higher frequency of individuals with a neurological phenotype in these cases. Larger studies examining the clinical features of subjects who have previously been found with proximal 15q derived markers that were negative for genes distal to BP2 are needed in order to determine whether these may contribute to an ASD phenotype.
Published reports have described behavioral differences between Type I (flanked by BP1 and BP3) and Type II (flanked by BP2 and BP3) deletion Prader-Willi and Angelman syndrome individuals, but these results are not consistently seen in all studies (Butler et al. 2004; Milner et al. 2005) . The previously published literature regarding subjects deleted or duplicated only between BP1 and BP2 has been limited because of a small sample size and ascertainment bias. Although we did not study individuals with PWS/AS, based on the data presented in this study, it seems reasonable to suggest that there may be at least a predisposition to developmental delay, language delay, and behavior disturbances in Type I deletion subjects. This is the largest study to date analyzing the possibility of a phenotype associated with a copy number change of the BP1-BP2 region on proximal 15q, even though we acknowledge ascertainment bias in our cohort. Many of the subjects in our cohort were referred for microarray analysis because of unexplained delays or other neurological presentations. The frequency of both deletion and duplication of BP1-BP2 taken together in this study is 0.86%. As such, it is one of the most variable regions in the genome, and clearly in many individuals (such as apparently unaffected carrier parents) it does not appear to be sufficient to cause a phenotype. While deletion of BP1-BP2 demonstrated significance over duplication with regard to speech delay and developmental delay in our cohort, it is noteworthy that both were equally common in our study. Although recurrent microduplications have been reported with milder phenotypes than the reciprocal deletions (Menten et al. 2006) , it is possible that with a move towards a ''genotypefirst'' approach to genomic disorders that include more subtle neuropsychiatric phenotypes, duplications may be more frequent than previously thought. We hypothesize that BP1-BP2 copy number changes may increase susceptibility to neuropsychiatric/neurodevelopmental problems, and careful clinical evaluation of both probands and parents is warranted. Elucidation of the functions and cellular and molecular pathways of the gene products encoded by the genes within the BP1-BP2 region will aid in our understanding of the possible influences of this CNV on neurological processes and neurodevelopment. With continued research into the effects that CNVs have, we may begin to understand the variation in phenotypes for many of the susceptibility loci throughout the genome and including proximal 15q.
